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Summary 
The temperature dependence of C3 photosynthesis is known to vary according to the 
growth environment. Atmospheric CO2 concentration and temperature are predicted to 
increase with climate change. To test whether long-term growth in elevated CO2 and 
temperature modifies photosynthesis temperature response, wheat (Triticum aestivum 
L.) was grown in ambient CO2 (370 µmol mol-1) and elevated CO2 (700 µmol mol-1) 
combined with ambient and 4 ºC warmer temperatures, using temperature gradient 
chambers in the field. Flag leaf photosynthesis was measured at temperatures ranging 
from 20 ºC to 35 ºC and varying CO2 concentrations between ear emergence and 
anthesis. The maximum rate of carboxylation was determined in vitro in the first year of 
the experiment and from the photosynthesis-intercellular CO2 response in the second 
year. With measurement CO2 concentrations of 330 µmol mol-1 or lower, growth 
temperature had no effect on flag leaf photosynthesis in plants grown in ambient CO2, 
while it increased photosynthesis in elevated growth CO2. However, warmer growth 
temperatures did not modify the response of photosynthesis to measurement 
temperatures from 20 ºC to 35 ºC. A central finding of this study was that the increase 
with temperature in photosynthesis, and the photosynthesis temperature optimum, were 
significantly higher in plants grown in elevated than ambient CO2. In association with 
this, growth in elevated CO2 increased the temperature response (activation energy) of 
the maximum rate of carboxylation. The results provide field evidence that growth 
under CO2 enrichment enhances the response of Rubisco activity to temperature in 
wheat.  
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Introduction 
A predicted consequence of the rise in atmospheric CO2 concentration is warmer 
temperatures. As temperatures increase, photosynthetic parameters such as the 
maximum rate of carboxylation (Vcmax) and the maximum rate of photosynthetic 
electron transport (Jmax) increase to an optimum and then decrease (Humphries and 
Long 1995, Bernacchi et al. 2001; Yamasaki et al. 2002), while kinetic characteristics 
of Rubisco such as specificity (τ) for CO2 relative to O2  (Long 1991) and – at relatively 
high temperatures – carbamylation (Crafts-Brandner and Salvucci 2000, Haldimann and 
Feller 2004, Sharkey 2005) decrease. A rise in CO2 concentration above the current 
atmospheric levels increases photosynthesis in C3 plants because Rubisco is not 
substrate-saturated and oxygenation is inhibited (Long et al. 2004). Atmospheric 
temperature and CO2 changes could have major interactive effects on plants, since 
biochemical photosynthesis models predict that the response of CO2 assimilation in C3 
plants to short-term increases in CO2 is largest at high temperatures (Long 1991). 
However, short- and long-term responses of photosynthesis and productivity to 
increased CO2 are very different (Drake et al. 1997, Morison and Lawlor, 1999). Thus, 
after prolonged growth with CO2 enrichment, plants are frequently incapable of 
maintaining the initial stimulation of photosynthesis (Rogers and Humphries 2000). The 
acclimatory response of photosynthesis to CO2 enrichment consists in a decrease of 
Vcmax due to a loss of Rubisco amount (Long et al. 2004), often associated with 
decreased transcripts for the enzyme small subunit (Drake et al. 1997, Moore et al. 
1999) which may be due to inhibition of gene expression by sugars (Sheen 1990, Krapp 
et al. 1993), although several studies show that the decrease in Rubisco protein under 
elevated CO2 is due to nitrogen status (Riviere-Rolland et al. 1996, Nakano et al. 1997, 
Farage et al. 1998, Geiger et al. 1999, Pérez et al. 2005). Growth temperature, in turn, 
modifies the optimum temperature for CO2 assimilation, O2 evolution and 
photosynthetic electron transport (Berry and Björkman 1980, Bunce 2000a, Yamasaki 
et al. 2002, Yamori et al., 2005), with changes in the temperature dependencies of 
Ribulose 1, 5-bisphosphate (RuBP) regeneration and RuBP carboxylation being 
observed (Hikosaka et al. 1999, Bunce 2000a). An enhancement in the activation 
energy of Vcmax may be the most important factor for the shift with increasing growth 
temperature in the temperature optimum for photosynthesis (Hikosaka et al. 2006). 
Moreover, the activation energy of Vcmax shows variations among C4 and C3 species 
from cool and warm environments (Sage 2002). The long-term adjustments to 
temperature in Vcmax and Jmax alter photosynthesis enhancements by elevated CO2 
(Ziska 2001). In field-grown wheat and barley, a much higher than expected stimulation 
of photosynthesis, with a doubling of CO2 at cool temperatures, was attributed to a 
change in τ compared to these species grown at a warmer temperature (Bunce 1998). 
Few studies have addressed the response of wheat productivity and photosynthesis to 
combined increases in CO2 and temperature. Dry-matter production and grain yield 
were increased at elevated CO2 concentration and reduced at increased temperature 
(Mitchell et al. 1995), although at low nitrogen application elevated CO2 caused a 
significant decrease in grain yield under ambient temperature conditions (Mitlchell et al. 
1993). No interaction of CO2 and temperature was found on photosynthetic 
characteristics of winter wheat grown in controlled chambers in a glasshouse (Delgado 
et al. 1994), or on growth and phenology in spring wheat grown in cooled and non-
cooled open-top chambers (Van Oijen et al. 1998). In contrast, both modelling and 
experimentation have shown that the beneficial effect of doubling CO2 on grain yield in 
wheat was reduced and even negated by an increase in temperature (Batts et al. 1998, 
Burkart et al. 2000, Laurila 2001, Assenga et al. 2004), although lower growth 
stimulation by elevated CO2 was observed at cool early season temperatures than at 
warmer spring temperatures (Kimball et al. 1995). The seasonal radiation-use efficiency 
of wheat was increased by CO2 enrichment, but decreased by rising temperatures under 
ambient CO2. This negative relationship was mitigated by CO2 enrichment in the period 
before, but not during, grain filling (Manderscheid et al. 2003). We have previously 
found changes in photosynthesis and Rubisco activity in response to combined increases 
in CO2 and temperature. Thus, with a high nitrogen supply, downward acclimation of 
photosynthesis to elevated CO2 was decreased by warmer temperatures in several 
experiments (Martínez-Carrasco et al. 2005, Del Pozo et al. 2005). Other results (Pérez, 
Alonso, Zita, Morcuende & Martínez-Carrasco, unpublished) show there is a decrease 
in Rubisco specific activity in elevated CO2 that is alleviated in warmer temperatures. 
This study was undertaken to ascertain whether the temperature response of 
photosynthesis in wheat is modified by long-term growth in a warmer, CO2-enriched 
atmosphere, and to identify the processes underlying these possible modifications. The 
study was conducted using field temperature gradient chambers in ambient and elevated 
CO2, tracking the natural day and season fluctuations in temperature. 
Material and Methods 
This study was conducted in a field experiment repeated in two years which has been 
described elsewhere (Del Pozo et al. 2005). Briefly, spring wheat (Triticum aestivum L. 
cv. Alcalá) was sown on 30 January and 11 February in the first and second year (2002 
and 2003), respectively, in a clay-sand soil in a site with a Mediterranean-type climate; 
the average minimum temperature over a long period in the coldest month (January) is 
0.0 ºC and the maximum average temperature in the warmest month (July) is 27.2 ºC. 
Mean annual rainfall is 506 mm. Nitrogen was added at 70 kg ha-1 on 2 and 30 April 
2002 and 2003, respectively, giving a total of 122 (2002) and 70 (2003) kg ha-1. Due to 
delayed sowing and fertilizer application, lower nitrogen rates were applied in 2003. 
The climate conditions, fertilizer and water application during the experiment have been 
published previously (Del Pozo et al. 2005). 
After crop emergence, two temperature gradient chambers (Rawson et al. 1995), 
described in detail elsewhere (Pérez et al. 2005), were placed over the crop in different 
field sites each year. The chambers were 9m long, 2.2m wide and 1.7m high at the 
ridge. Each chamber had transparent polycarbonate walls and polyethylene sheet 
roofing, and comprised three consecutive modules (each 3m long, Fig. 1) separated by 
horizontally slotted polycarbonate septa to reduce the mixing of air between modules 
through convection. Two inlet fans, mounted on the inlet module above the crop height, 
and an outlet fan mounted in the roof of the outlet compartment, continuously circulated 
air through the chamber at the speed required to maintain a difference of 4ºC between 
the two extreme modules. At maximum speed, the air within the chamber was changed 
in less than 1 min. The minimum speed of the fans was set at 40% of full power. Three 
small fan heaters placed in the outlet plenum were used to help maintain the temperature 
difference at night and whenever solar radiation was insufficient to raise the 
temperature. To raise CO2 concentrations in the air, the signal of an infrared gas 
analyser monitoring the CO2 concentration at the outlet module was fed into a 
proportional, integral, derivative, (PID) controller regulating a solenoid valve which 
injected CO2 at the two inlet fans. One chamber was set to ambient (370 µmol mol-1) 
and the other to elevated (700 µmol mol-1) CO2 concentration during light hours. Since 
there appear to be no or only minor positive direct effects of growth CO2 on leaf dark 
respiration (Jahnke and Krewitt 2002, Davey et al. 2004), in the present and recent free 
air CO2 enrichment studies (Bernacchi et al. 2005; Dermody et al. 2006) CO2 was not 
increased during the night. The CO2 concentrations (376 and 757 µmol mol-1 actual 
means) and temperatures recorded in the chambers were very close to set values (Fig. 1 
in Del Pozo et al. 2005). 
 
Gas exchange measurements 
Gas exchange was measured between ear emergence (20-22 May in the first year; 
21-23 May in the second) and anthesis (3-6 June and 4-6 June in the first and second 
years, respectively). Between 3 and 8 h after the start of photoperiod, measurements 
were carried out in the central area of flag leaves with an air flow rate of 300 ml min-1 
and 1500 µmol m-2 s-1 irradiance, using a 1.7 cm2-window leaf chamber connected to a 
portable infrared gas analyzer (CIRAS-2, PP Systems, Hitchin, Herts., UK) with 
differential operation in an open system. Responses to temperature were determined by 
increasing the leaf temperature from 20 ºC to 35 ºC in 5 ºC steps. In most cases, we 
failed to decrease the temperature to 15 ºC in the warm outside air. Temperature was 
controlled with the Peltier system of the analyzer. Gas exchange was recorded after 
enough time had passed for the response to be stable. In the first year, gas exchange at 
each temperature was measured at 200 and 1000 µmol mol -1 air CO2, at which 
photosynthesis is probably limited by RuBP carboxylation and RuBP regeneration, 
respectively. In the second year, measurements at each temperature were taken at 60, 
130, 225 and 330 µmol mol-1 CO2, in the RuBP carboxylation limitation range. 
Controlling CO2 concentration in the intercellular air spaces of leaves (Ci) is very time-
consuming and we thus decided to measure photosynthesis at fixed external air CO2 
concentrations. Over the 3-m long chamber modules, four consecutive areas of equal 
length were marked (Fig. 1), a leaf randomly chosen from each area being measured; 
thus, every year gas exchange was recorded in four leaves for each of the four CO2-
temperature combinations. With saturating light, little variation in photosynthesis was 
found from 3 to 8 h into the photoperiod. In addition, a leaf from each treatment was 
measured, with treatments in random order, before the next leaf so that differences 
during the day could be absorbed within the replicated leaves. 
 
Rubisco activity 
Maximal Rubisco activity was determined with in vitro assays in the first year and 
from in vivo responses of CO2 assimilation (A) to Ci in the second. At mid-morning on 
the dates of gas exchange measurements in the first year, four groups of flag leaves, 
each consisting of four leaves, were harvested from each CO2-temperature combination 
and rapidly plunged in situ into liquid nitrogen and then stored at -80 ºC until analyzed. 
The fresh weight, leaf area and chlorophyll content of sub-samples of frozen leaves 
were determined as described (Pérez et al., 2005). This allowed the results to be 
expressed on a leaf area basis. 
In vitro assays of fully carbamylated Rubisco activity were carried out with a 
spectrophotometric method coupled to NADH oxidation (Lilley and Walker 1974) as 
previously described (Pérez et al. 2005), except that NaHCO3 concentration was 
increased to 30 mM to compensate for the decreased solubility of CO2 at high 
temperatures. Incubation of leaf extracts with Mg2+ and NaHCO3 prior to determination 
of total Rubisco activity was carried out at room temperature, while the assay buffer 
was adjusted to 15, 20, 25, 30 or 35 ºC. Total Rubisco activity was assayed at each of 
these temperatures in a thermostated spectrophotometer. It was verified that Rubisco 
activity did not change from leaf extraction to completion of the last of the five 
temperature dependent assays. 
For the four replicate leaves measured in each CO2–temperature combination, and at 
each of the four measurement temperatures from 20 ºC to 35 ºC in the second year, the 
maximum in vivo rate of carboxylation by Rubisco, Vcmax, was obtained from the 
response of A to Ci at four low CO2 concentrations (60 to 330 µmol mol -1 CO2 in 
external air), according to Farquhar et al. (1980): 
A= Vcmax (Ci-Γ*)/(Ci +Kc(1+O/Ko)) – Rd (1) 
where O is the concentration of oxygen, Γ* is the CO2 compensation point in the 
absence of dark respiration, Rd is the rate of mitochondrial respiration in the light, and 
Kc and Ko are the Rubisco Michaelis constants for CO2 and O2, respectively. The 
values for Γ*, Kc and Ko and the parameters describing their temperature dependence 
were taken from Bernacchi et al. (2001): 
Kc= 404.9·exp(79.43 (Tk-298)/(R·298·Tk)) (2) 
Ko= 278.4·exp(36.38(Tk-298)/(R·298·Tk)) (3) 
Γ*= 42.75·exp(37.83(Tk-298)/(R·298·Tk)) (4) 
where R is the molar gas constant (8.314 J mol-1 K-1) and Tk the absolute leaf 
temperature. Substituting f for (Ci-Γ*)/(Ci +Kc(1+O/Ko) in (1):  
A=Vcmax· f – Rd (5) 
Vcmax for each temperature is the slope of a linear regression of A over f (Long and 
Bernacchi 2003). 
The temperature dependence of the in vivo and in vitro maximal Rubisco activities 
determined was obtained by fitting an Arrhenius function normalized to 25 ºC (Medlyn 
et al. 2002): 
Ln Vcmax = Ln V25+H((Tk-298)/R·298·Tk) (6) 
to solve for V25 (Vcmax at 25 ºC), and H (activation energy).  
 
Statistical analysis  
The design of the experiment was a randomized-block split-plot design, with year as 
the blocking factor, CO2 allocated to whole-plots within blocks, temperature allocated 
to sub-plots, and repeated sampling placed in a sub-subplot stratum within sub-plots. 
Measurement temperature constituted a further stratum under repeated sampling. 
Analyses of variance of photosynthesis and Vcmax were performed for this design. 
Temperature responses of photosynthesis and Vcmax were further analyzed through 
regressions fitted with the Genstat 6.2 statistical package. A second degree polynomial 
was used to fit the photosynthesis data and a simple linear regression to fit the Vcmax 
equation (6). The curves fitted to each treatment were compared through an analysis of 
parallelism (Genstat 6.2) to assess whether common or separate constant (intercept) and 
regression coefficients (slope) should be fitted to each treatment. If the model with all 
parameters separate (separate curves, Table 2) is significant, then the difference in 
slopes implies a different temperature effect on the compared treatments. If only the 
intercept differs between treatments (separate intercept, Table 2), then parallel lines 
differing in elevation but with the same temperature response result. If the preceding 
models do not reach significance, a common regression for all treatments (common 
curve, Table 2) assesses whether a relationship with measurement temperature exists. 
Temperature optima were computed from the regressions by zero-setting the first 
derivative (i.e., for y=a+bx+cx2, the optimum is x=-b/2c if the second derivative is 
negative). No standard errors can be provided for these optima, with the differences 
between them being deduced from the parallel model analysis. Because there were only 
two blocks, the threshold for significance in the analysis of variance and regressions 
was set at  P<0.09, to avoid the possibility of a Type II error. 
Results 
Carbon assimilation 
Growth in elevated CO2 induced an average 35 % decrease in light-saturated carbon 
assimilation with 200-225 µmol mol-1 measurement CO2 (Fig. 2), at which 
photosynthesis is probably limited by Rubisco activity. However, this decrease did not 
reach the high variance ratio required for the CO2 effect to be significant with the 
adopted experimental design (Table 1). Growth temperature had no effect on 
photosynthesis of plants grown in ambient CO2, while it increased photosynthesis in 
those grown in elevated CO2. In turn, photosynthesis displayed a curvilinear response 
(quadratic component of the variance) to measurement temperature. The significant 
interaction over photosynthesis of growth CO2 and measurement temperature shows 
that, notably, elevated CO2 modified the photosynthesis temperature response. The 
linear component of that interaction indicated that the intercept of the regression of 
photosynthesis over measurement temperature was lower in elevated than ambient CO2, 
and raising measurement temperatures had an overall effect on photosynthesis that was 
negative in ambient CO2 and positive in elevated CO2 (Fig. 2 A). 
The shape of the photosynthesis temperature response was further examined through 
multiple linear regression with groups (analysis of parallelism). Comparison of plants 
grown in ambient and elevated CO2 (Table 2) yielded a significant difference in 
elevation (intercept) of the photosynthesis temperature curve, with a lower value for 
high CO2 (Fig. 2 A). This shows that high CO2 decreased photosynthetic capacity. In 
addition, absence of parallelism (significant separate curves model, Table 2) confirmed 
that photosynthesis temperature response was different for plants grown in the two CO2 
concentrations, photosynthesis increasing more and to higher temperatures in elevated 
than ambient CO2 (about 32 ºC and 24 ºC, respectively, Fig. 2 A). Photosynthesis 
temperature responses were not significantly different for plants grown in ambient and 
ambient + 4 ºC temperatures and ambient CO2. In contrast, this response was different 
for both growth temperatures in high CO2 (significant separate intercepts model, Table 
2), with higher elevation for ambient + 4 ºC temperatures (Fig. 2 A). This shows that 
warmer temperatures had a positive effect on photosynthesis in elevated, but not in 
ambient CO2. This positive effect consisted in an increase in photosynthesis rates, not in 
a change in temperature response (non-significant separate curves model, Table 2). Gas 
exchange measurements with close to ambient CO2 concentration (330 µmol mol -1) in 
the second year showed photosynthesis responses to CO2 and temperature similar to 
those described for about 200 µmol mol-1 measurement CO2 concentrations (data not 
shown). Additional determinations of photosynthesis were conducted in the first year 
with 1000 µmol mol-1 measurement CO2, at which photosynthesis is probably limited 
by RuBP regeneration. The regressions of photosynthesis over temperature for plants 
with the four combinations of growth CO2 and temperature (Fig. 2 B) were parallel 
(separate curves model not significant; data not shown), indicating that there were no 
significant differences in photosynthesis temperature response. These data will not be 
discussed further because measurements with 1000 µmol mol-1 CO2 were not repeated 
in the second year. 
 
Rubisco activity 
To assess whether the observed differences in temperature responses are due to 
acclimation of Rubisco activity to growth conditions, we analyzed the response to 
instantaneous increases in temperature of maximal Rubisco activity (Vcmax). As the 
Vcmax measurement  method ( in vitro or in vivo) differed between years, the data for 
each year are shown separately in Table 3. Vcmax had comparable values and increased 
with temperature in the two experimental years, with smaller responses in the in vitro 
assay than the in vivo measurements, possibly because of diminished CO2 solubility in 
the liquid phase at high temperature in the former. The joint analysis of the two years 
included measurements from 20 to 35 ºC, setting aside those performed at 15 ºC only in 
the first year (not shown). Growth CO2 significantly altered Vcmax (Table 1), which was 
lower for elevated than ambient CO2 (Table 3), consistent with measurements of CO2 
assimilation. Growth CO2 and temperature interacted over Vcmax (Table 1), such that 
warmer temperatures decreased Vcmax in ambient CO2, while they increased Vcmax in 
elevated CO2 (Table 3). Measurement temperature had a highly significant effect on 
Vcmax, which showed a curvilinear response (significant quadratic component, Table 1) 
to temperature increase. Remarkably, growth CO2 modified Vcmax temperature response, 
as the significant linear component of the CO2- measurement temperature interaction 
(Table 1) implies. The shape of this response is further analysed below. 
The Arrhenius functions fitted to Vcmax data (Fig. 3) showed a higher intercept – 
maximum Rubisco rate of carboxylation at 25 ºC (V25) – for plants grown in ambient 
than elevated CO2 (separate V25 model, P<0.001, Table 2), consistent with CO2 
assimilation measurements. In addition, the slope for these functions (activation energy, 
Fig. 3), indicative of the temperature response, was significantly higher in elevated than 
ambient CO2 (separate curves model, P<0.079, Table 2). Within plants in ambient CO2, 
the Arrhenius functions for both growth temperatures were parallel (significant separate 
V25 model, Table 2), with slightly lower values for warmer temperatures (Fig. 3).The 
small positive effect of warmer temperatures on the Arrhenius functions for plants in 
elevated CO2 was not significant, in contrast with the analysis of variance results.  
Discussion 
In the field chamber experiments reported here, growth temperature did not modify 
the temperature response of photosynthesis, in contrast to preceding results (Berry and 
Björkman 1980, Yamasaki et al. 2002, Yamori et al., 2005). At variance with these 
studies, in our experiments temperature fluctuated during day and season, whereby 
plants acclimated to a wide range of temperatures. In addition, the differences in 
elevation of the photosynthesis temperature responses indicate that growth temperature 
had a positive effect on photosynthesis in plants growth in elevated CO2, but no effect 
in ambient CO2. This is consistent with previous findings (Martínez-Carrasco et al. 
2005) of alleviation by warm temperatures of the photosynthesis decrease in elevated 
CO2.  
The elevation (intercept) of the photosynthesis-temperature curve at 200 µmol mol-1 
measurement CO2 was lower for high as compared to ambient growth CO2. This shows 
that high growth CO2 decreased photosynthetic capacity, suggesting that Rubisco 
activity was down-regulated, which is a common acclimatory response (Long et al. 
2004). In addition, a central finding of this study is that growth in elevated CO2 
modifies the photosynthesis temperature response. Since this modification was found 
with short-term changes in temperature at a common CO2 concentration, it is an 
acclimatory response to growth CO2 which differs from the direct response previously 
described (Long 1991). In plants grown in elevated CO2, the increase in photosynthesis 
with temperature is higher than in those grown in ambient CO2, and the temperature 
optimum for photosynthesis shifts to higher values (Fig. 2 A). While results shown in 
Figure 2 A may be due both to changes in stomatal conductance and in mesophyll 
reactions, the responses to measurement temperature and growth CO2 of Vcmax suggest 
that non-stomatal factors can account for the observed photosynthesis changes. The 
differences in photosynthesis temperature response between growth CO2 concentrations 
were apparent at a measurement CO2 of 200 µmol mol-1, at which Rubisco activity is 
limiting. This shows that growth in elevated CO2 modified the temperature response of 
Rubisco activity. The same high CO2 effect was observed at a CO2 concentration close 
to ambient in the second year.  
Measurements of Vcmax response to temperature, both in vitro and in vivo, confirm 
that prolonged exposure to elevated CO2 modifies the temperature response of Rubisco 
activity. Commonly, in vitro methods yield Rubisco activities that are less than those 
obtained in vivo, but the response trends to treatments such as air CO2 concentrations 
are comparable to those observed with in vivo measurements (Rogers et al. 2001). A 
role of mesophyll conductance to CO2 in this Rubisco temperature response 
modification (Yamori et al. 2006) can be ruled out, since both methods of Rubisco 
activity measurement yielded similar results. The activation state of Rubisco is known 
to decrease at high temperatures; Rubisco activase is deactivated and can play a role in 
this decrease, although this is more likely at temperatures higher than those examined in 
this study (Crafts-Brandner and Salvucci 2000).  Measurements of Vcmax show that 
plants grown in elevated CO2 had increased activation energy for the maximum rate of 
carboxylation. Whilst temperature acclimation has been found to modify the relative 
stimulation of photosynthesis by short-term increases in CO2 (Bunce 2000b, Ziska 
2001), here we show that the temperature response of Rubisco catalysis is modified by 
acclimation to elevated CO2. Increases in Vcmax with temperature have been accounted 
for by the strong temperature dependence of the formation and breakage of contacts 
between the Rubisco large subunit C-terminus and the protein surface (Zhu et al. 1998) 
during the catalytic opening and closure of the active site (Newman and Gutteridge 
1993, Schlitter and Wildner 2000). Moreover, inhibitor production was greater, but the 
decline in Rubisco activity over time (fallover) was slower at elevated temperature, 
suggesting a temperature-dependent loosening of, and an enhancement of inhibitor 
release from, Rubisco’s catalytic site (Schrader et al. 2006). Further research is required 
to know whether growth in elevated CO2 increases Vcmax temperature response through 
altered flexibility of Rubisco active site outer parts, or easier release of inhibitors. 
An increase in catalysis has been associated with a decrease in affinity (increase in 
Km) for CO2 (Sage 2002). Moreover, there seems to be a negative relationship between 
rate of catalysis and specificity for CO2 relative to O2 (Zhu et al. 2004, Mitchell et al. 
2005, Spreitzer et al. 2005). If a strict negative relationship existed between the kinetic 
properties of Rubisco, then the increase in Vcmax response to temperature in elevated 
growth CO2 would lead to decreased affinity and specificity of Rubisco for CO2. This 
decrease would compound the decline in specificity caused by a temperature increase 
(Long 1991). Nonetheless, in a high CO2 environment this would be more than 
compensated by the higher Vcmax. Work is in progress to directly measure changes in 
specificity induced by growth in elevated CO2. 
The reported changes in temperature dependence of Rubisco activity cause 
detectable modifications in the photosynthesis response to temperature at ambient and 
sub-ambient CO2 concentrations. Whether this modification of Rubisco properties will 
have consequences under future increases in CO2 and temperature will depend on 
whether photosynthesis in elevated growth CO2 is limited by Rubisco activity or by 
electron transport. Due to the decrease in Rubisco protein with long-term growth under 
elevated CO2, we have found that, even in twice the current CO2 concentration in the 
atmosphere, light-saturated photosynthesis is limited by Rubisco (Pérez, Alonso, Zita, 
Morcuende & Martínez-Carrasco, not published). Consequently, the change in the 
Rubisco response to temperature will modify the effects of growth under doubling air 
CO2 concentrations on photosynthesis, compensating in part for the loss of Rubisco 
protein and positively interacting with temperature. Independently from the direct 
interactive effects of CO2 and temperature on carbon assimilation (Long 1991), this 
change in the kinetic properties of Rubisco will increase the temperature optimum for 
photosynthesis. Only a modest increase in wheat grain yield has been recorded in free 
air CO2 enrichment experiments in ambient temperature, which cast doubt on 
projections that rising CO2 will fully offset losses due to climate change (Long et al. 
2006). The enhanced Rubisco temperature response in elevated growth CO2 should be 
taken into account when predicting the future atmospheric CO2 concentration 
fertilization effects on growth and yield. 
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Table 1. Analysis of variance (F probability) of photosynthesis and Rubisco Vcmax 
measured at 20, 25, 30 and 35 ºC (Meas. temp.) in flag leaves of wheat grown in 370 or 
700 µmol mol-1 CO2 (CO2) combined with ambient or ambient + 4 ºC temperatures 
(Temp.). Photosynthesis was measured between ear emergence and anthesis with 200- 
225 µmol mol-1 CO2 and 1500 µmol mol-1 irradiance. Vcmax was measured in vitro in the 
first year of the experiment and from the A-Ci response in the second. ns, not 
significant.  
 
 F 
Source of variance Photosynthesis Vcmax 
CO2  ns 0.033 
Temp. 0.013 ns 
CO2 x Temp. 0.01 0.065 
Meas. Temp. 0.026 <.001 
Linear ns <.001 
Quadratic 0.003 0.07 
CO2 x Meas. Temp. <0.001 0.095 
CO2 x Linear <0.001 0.021 
CO2 x Quadratic ns ns 
Temp.x Meas. Temp. ns ns 
Temp. x Linear 0.068 ns 
Temp.x Quadratic ns ns 
CO2 x Temp.x Meas. Temp. ns ns 
CO2 x Temp. x Linear ns ns 
CO2 x Temp. x Quadratic ns ns 
Table 2. Variance ratios (F) and probabilities (prob.) in the analysis of parallelism of the 
temperature response curves of photosynthesis (A), and Rubisco Vcmax (see Materials 
and Methods for details). Measurements in flag leaves of wheat grown in ambient (AC) 
or elevated (EC) CO2 combined with ambient (T) or ambient + 4 ºC (T4) temperatures. 
Photosynthesis responses were measured at air CO2 concentrations of 200- 225 µmol 
mol-1 and 1500 µmol m-2 s-1 irradiance. Vcmax was measured in vitro (first year of the 
experiment) or from the A-Ci responses (second year). The regressions to be fitted for 
each parameter and treatment comparison are shown in bold. ns, not significant. 
 
  Regression model 
Parameter Comparison Common curve Separate 
intercept/ V25 
Separate curves 
  F prob. F prob. F prob. 
A All treatments 1.95 (ns) 30.95 (<.001) 1.13 (ns) 
 AC vs. EC 1.00 (ns) 70.14 (<.001) 2.76 (0.069) 
 AC: T vs. T4  1.68 (ns) 0.06 (ns) 0.17 (ns) 
 EC: T vs. T4  2.93 (ns) 28.32 (<.001) 0.31 (ns) 
      
Vcmax All treatments 351.43 (<.001) 14.12 (.001) 1.73 (ns) 
 AC vs. EC 340.94 (<.001) 35.54 (<.001) 3.13 (0.079) 
 AC: T vs. T4  682.31 (<.001) 4.37 (0.041) 0.02 (ns) 
 EC: T vs. T4  125.57 (<.001) 2.76 (ns) 1.08 (ns) 
Table 3. Rubisco Vcmax (µmol m-2 s-1, mean ±se, N=4) in flag leaves of wheat grown in 
370 (ambient) or 700 µmol mol-1 CO2 (elevated) and two temperatures in a field 
chamber experiment repeated in two years. Vcmax was measured in vitro in the first year 
of the experiment and from the A-Ci response in the second. 
 
Year Growth 
CO2 
Growth 
temperature 
Measurement temperature, ºC 
   20 25 30 35 
1st Ambient Ambient 110.3 ±2 148 ±2.1 222.2 ±5.5 271.4 ±6 
  Ambient + 4 ºC 103.3 ±3.5 137.1 ±5.9 199.1 ±11.8 267.6 ±2.7 
 Elevated Ambient 77.9 ±1.8 107.6 ±3.2 157.8 ±2.1 201.2 ±4 
  Ambient + 4 ºC 81.2 ±2.3 114.6 ±4.5 167.3 ±8.2 214.6 ±6.5 
       
2nd Ambient Ambient 92.9 ±7.9 130.4 ±13.1 215.7 ±19.5 316 ±23.1 
  Ambient + 4 ºC 86.9 ±1.4 126.3 ±5.2 203.4 ±5.5 280.6 ±38.4 
 Elevated Ambient 53.4 ±18.4 89.6 ±19.9 177.7 ±16.8 253.4 ±27.4 
  Ambient + 4 ºC 65.3 ±12.9 117 ±15.7 179.5 ±15.4 266.6 ±9.4 
Legends to figures 
 
Figure 1. Illustration of the area within the field chambers used in this study. The 
sampling areas within chamber modules are included. 
 
Figure 2. Responses of photosynthesis to leaf temperature in flag leaves of wheat grown 
in 370 µmol mol-1 CO2 (open symbols) or 700 µmol mol-1 CO2 (closed symbols) 
combined with ambient (circles) or ambient + 4 ºC (squares) temperatures. Gas 
exchange was measured with (A) 200- 225 µmol mol-1 CO2 (both years) and (B) 1000 
µmol mol-1 CO2 (first year) and 1500 µmol mol-1 irradiance. The significance of 
differences between regression lines in panel A is given by the analysis of parallelism in 
Table 2; in panel B, a model with parallel lines was significant (not shown). 
Regressions were fitted with (A) 8 or (B) 4 data points per treatment combination and 
measurement temperature, and the means  standard errors (vertical bars) are shown. 
 
Figure 3. Arrhenius plots for Rubisco Vcmax temperature response in flag leaves of 
wheat grown in 370 µmol mol-1 CO2 (open symbols) or 700 µmol mol-1 CO2 (closed 
symbols) combined with ambient (circles) or ambient + 4 ºC (squares) temperatures.  
The significance of differences between regression lines is given by the analysis of 
parallelism in Table 2. The 25 ºC normalized x-axis is (Tk-298)/R·298·Tk, where R is 
the molar gas constant and Tk the leaf absolute temperature. The intercepts of the lines 
are the logarithms of Vcmax at 25 ºC, and the slopes are the activation energies (kJ     
mol-1). The data are averages of Vcmax determinations in vitro (first year) and in vivo 
(second year). Regressions were fitted with 8 data points per treatment combination and 
measurement temperature, and the means  standard errors (vertical bars) are shown. 
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